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NIy Kelvin probe method. d¢/dT is negative at all coverages and has a strong
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B maximum of ngisgiﬂ’4/;V/K at n = 1 at 90 K. A qualitative discussion of these
2 :: findings is given. The design and operating characteristics of the Kelvin
el
Yo probe are also described
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A \E? INTRODUCTION

._\: ir:gln the course of following the thermal desorption of CO adsorbed on Cu

*{ layers on W(110), i.e. W(110) /Cu;\/CO by work function changes a substantial
o - .. temperature coefficient of work function was noted for the substrates and

~. investigate.d 1n ‘;oﬁm We subsequently became aware of d¢/dT measure-

‘__. ments by Kolaczkiewicz and Bauer [1] (KB) . The measurements of these authors

w were mostly done at higher temperatures and overlap only very partially with
E:% ours. They also were obtained by a different method. Since the present

'& measurements were carried out with a Kelvin probe of somewhat simpler

m design than similar probes described in the literature [2] we also include
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a description of the probe.

EXPERIMENTAL

General

The main apparatus and the procedures for depositing Cu and determining
its coverage on the W(110) substrate have been described in detail previously
[3]. To recapitulate briefly, the Cu monolayer coverage was found from the
break in the Auger intensity of the Cu LVV peak which coincided with the dose
required to just not produce a second layer desorption peak in temperature
programmed desorption. Submonolayer amounts were determined in terms of the
dosing time relative to that required for a monolayer. In order to avoid
depositing Cu on the vibrating electrode a shield was added to the Cu source
which prevented the vibrator from receiving a Cu deposit, but still permitted
normal dosing of the crystal and monitoring of the Cu source flux by the quad-
rupole mass spectrometer [3]. The absence of the Cu deposit on the vibrator
could be established by running the Cu source, cleaning the crystal and

demonstrating that no change in contact potential resulted.

Kelvin Probe

The probe was designed to be mounted on a 2-3/4" Conflat flange, enter-
ing the bell jar of the system from the side and ca. 10 cm below the plane in
which the crystal rotates from and to various measuring devices, e.g. mass
analyzer, Leed system, Auger, UPS, etc. It was considered desirable not to
introduce a solenoid into the vacuum chamber and also to be able to float the
probe electrode off ground. This was accomplished by the design sketched in
Fig. 1. The principal elements are a 0.625" 0.D. thin-walled stainless steel
tube, TIG welded into the center of a 2-3/4'" Conflat flange, and welded shut
at its interior end. The solenoid, to be described later can be placed in-

side this tube or removed during bake-out and is thus exterior to the vacuum
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system. A spring, formed from a strip of stainless steel 2-2.5mm wide and

e e o e

0.02" thick, of total length 3/4" was bent into a right angle. To the longer
side, (0.5") a small rectangular piece of p-metal, 0.25" x 0.2" and 0.028"

thick was spotwelded on the inside of the right angle, i.e. so that it would

Pl s

‘8 be closest to the end of the tube after final assembly. To the outside of the
stainless steel strip a 0.02" diameter tungsten wire, bent as shown in Fig. 1
was spotwelded. The free end of this wire was connected to another length of
X 0.02" diameter W wire via a Nonex bead, kept as small as possible to reduce
mass, so that the upper W wire was electrically insulated from the driver

A assembly. The horizontal portion of the stainless steel strip. ca. 0.25" in
! length was spotwelded to the 0.625" 0.D. tube as shown. In order to keep the
- distance between the y-metal platelet and the end of the stainless steel tube
approximately 0.02" a suitable piece of shim was used as spacer during the
F. welding of the assembly to the tube.

A piece of 0.01" Pt wire carrying the probe electrode was spotwelded to
the upper end of the second 0.02" diameter W wire. The electrode consisted

of a small piece, 2mm x 4mm of 70% transmission Mo Lektromesh whose back face,

L)

. i.e. the side not confronting the sample, was spotwelded to the 0.01" Pt wire.
,i The signal take-off lead consisted of a 0.05" diameter tungsten rod run-

{ ning parallel to the main stainless steel tube over most of its length and then
. bent upward at its interior end. This rod was covered with Nonex over its

3 entire length except for a 3mm portion at each end. Before sealing this rod
h into a 1/4" Kovar-Nonex press seal, TIG welded into the Conflat flange, it

- was conductivized with tin oxide over all but the section used for the seal

; and for a millimeter or so at the interior end. Before conductivizing a

3 0.003" diameter Pt wire was sealed into the Nonex coating. The free end of

; this Pt wire was spotwelded to a second W rod in the press seai. This arrange-
€ ment permitted the electrical shielding of the takeoff lead to be floated off
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ground; in fact, it was connected to the common point of the amplifier, to be
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described later. Without this precaution excessive pick-up was experienced.

A 0.003" diameter Pt wire was also spotwelded to the upper of the two 0.020"

o A

AN

&“ diameter W wires, just above the Nonex bead, wrapped around this wire moderately
i;‘ tightly for two turns, wrapped similarly around the 0.05" W rod and then spot-

welded to the latter. This was done to reduce fatigue and stress in the thin

o Pt wire and the spotwelds.
if? It was found important to make all bends in the vibrator assembly, i.e.
2 in the 0.02" W wires as sharp as possible to avoid vibrational modes with
'igﬁ large vertical rather than horizontal displacement of the electrode.
3% The solenoid assembly consisted of a soft iron cylinder, 1.5" long and
;ﬁ 0.2" in diameter, wrapped with five layers of 80 turns each of #28 gauge
§§ copper wire. At its back end the Fe core was connected to a second Fe
:3‘ piece in the form of quarter cylinder (sliced lengthwise) and also 1.5" long,
%K- via a Fe cross piece. This served to confine and concentrate magnetic flux
’§E to the region near the solenoid pole faces thus greatly reducing (a) the
.Y
;J current required to drive the vibrator and (b) pick-up caused by magnetic
ﬁé induction. In order to reduce the latter even more the solenoid was wrapped
Eﬂh with six turns of Conetic AA sheet, 0.002" thick.
ﬁ% The solenoid was driven by an oscillator consisting of an ICL 8038 func-
iy tion generator chip, and a suitable power amplifier and produced a sinusoidal
.E; output from 20 to 1000 Hz with drifts of < 0.1 Hz/hour. The vibrator could
B
ﬁ; be driven at is fundamental or one of several overtones. The fundamental was
L 80 Hz; overtones at ~200-400 Hz were normally used to reduce response time
:E: and increase sensitivity. The required solenoid current increases with fre-
;i; quency. Thus the chosen frequency depends somewhat on the time constant
;;; requirements. In most measurements a value of 200 Hz for the actual vibrator
3
i
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frequency was chosen requiring 0.1 amperes of solenoid current and giving
vibrational amplitudes of 0.5mm. Since the driver was u-metal the oscil-
lator frequency was in each case half the vibrator frequency, which also
helps to reduce pick-up. The signal from the vibrating electrode was

fed into an AD 515 current to voltage converter using a 108 ohm feedback
resistor. The output from the latter was fed into anHR-8 lock-in amplifier
set via a frequency doubler to twice the oscillator frequency. In closed
loop mode the output from the HR-8 was connected to the common point of the
AD 515 amplifier, thus providing feedback and balancing the circuit. Repro-
ducibility to < 0.001 volt was easily obtained, with very little long term
drift. Response times were of the order of 100 milliseconds.

With the arrangement used here, namely electrical isolation of the take-
off lead from the driving unit no detectable signal was seen (at the sensiti-
vities used for actual measurements) when the crystal was rotated away from
the vibrating electrode for potential differences up to * 3 volts between
vibrating electrode and the bell jar of the vacuum system. Thus no compen-
sating voltages are required and A¢ measurements can be carried out with the
vibrating electrode rather than the crystal off ground. When measurements
were made with heating current from the temperature controller passing
through the crystal, 2 precision 100 ohm resistors were placed between the
potential leads of the crystal and their midpoint taken as that of the
crystal center. The vibrating electrode was then tied to this point via the
intervening balancing voltage developed by the HR-8 amplifier. In this
arrangement the HR-8 was kept off ground by an isolation transformer and the

inputs to the y axis of the recorder used to plot potential differences

between crystal and vibrating electrode were also floated.
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aé | Measurement Procedure 1
ag Measurements were carried out by dosing Cu with the crystal at 300 K. |
Ef Annealing of the Cu deposits at 900 K was carried out only for 6 > 2 mono-

%: layers, since it was found that no changes in A¢ resulted for smaller Cu

?: deposits. The coolant reservoir was already filled with liquid N2 during

I Cu deposition; the crystal was then allowed to cool to its base temperature,

‘1‘ 90 K before the first A¢ measurement. Changes in A were then recorded

%; when the crystal was heated to and kept at a given temperature. Reversing

the crystal current did not affect the A¢ values obtained. It could also

be shown that the observed changes did not result from RI drops in the crystal

during heating: When the temperature controller was turned off the A¢ values

decayed slowly in agreement with the cooling rates of the crystal, rather

g ‘1-.

:;- than instantaneously as would have been the case if RI drops played a role.

89

g: Finally thermal emfs must be considered. Since the Mo vibrating electrode
b remains at constant temperature, 300 K, and all connections between the W

i

crystal and this electrode remain at constant temperatures, the only emf

)

; which needsto be considered is that of tungsten between 300 K (the temperature

of the Mo electrode) and T,, the temperature of the crystal. The absolute

X’

S, thermoelectric power of W is known [4]. Its mean value for 300 < T < 500 K
\"
;f- can be found from the data in Ref. 4 to be 4.25 microvolts/oK, while that in

the range 80 < T € 300 K is -1.38 microvolts/oK. Thus the contribution to

N

vfj d¢/dT is the order of 0.4-0.1 x 10-5 eV/oK and can be neglected, relative

&

! to the coefficients measured.

<3 RESULTS AND DISCUSSION

“

2

X Work function changes relative to clean W(110) as function of Cu cover-

%

. age for annealed and unannealed layers all deposited at 300 K and measured at

Lﬁ: 90 K are shown in Fig. 2. These results are in good agreement with those
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of KB. For instance, for 1 monolayer KB find A¢ = -725 meV at 300 K
while we obtain -680 meV at 90 K. If our results are corrected to
300 K they become -717 meV. Figure 3 shows Ad, measured from the 90 K
values as function of temperature for various coverages; except for
T < 150 K the curves are nearly linear. Figure 4 shows the corresponding
d$/dT values at w90 K and near 450 K as function of coverage; -d$/dT at 90 K
is consistently higher than at 400 K. Also shown are the values obtained
by KB near 400 K which extend only to 2 monolayers. The agreement between
the two sets of data is very good where overlap exists except for n = 0
and n = 2. It should also be mentioned that KB's measurements start at
400 K and go up, while our start at 90 K and stop at 500 K, so that the
overlap is only very partial.

d¢/dT for clean W(110) has been also measured by Swanson and Crouser
[5] from the change in slope with temperature of field emission energy
distributions, using a retarding rather than a dispersive energy analy:zer.
The value obtained was -1.7 x 107 eV/K, much higher than our value of

5 eV/K, or BK's value 8 x 1078

5.8 x 10~ eV/K. Swanson and Crouser, however,
measured a value of ¢(110) = 5.9 eV at low temperature which is known to

be too high by a factor of 1.12 [6]. That alone should not have caused

the decrease in ¢ with T to be so high, but the field emission method is
subject to enhanced emission from isolated W atoms on the plane, which

are likely to be generated by heating and which will give spuriously low

values of ¢. It therefore seems reasonable to assume that the Swanson

and Crouser values are too high. d¢/dT

T T

LIS

N e ST AT R R I AN I T e A Y C I B P Sy g Tyb i
N O G o S R A R G GRS SR S RS A i A




2

v

X .
N de s V]

- .F«.: A

ol e

I3

S m R
»Mum%ﬂumﬂm»hﬁj.kbn R

TS -4 e ! g A RS R SR el Rl ppeU il B ML S ot B R aAd o BN St 50 Sl O O R R R o N R NS |

for Cu has also been measured by Blevis and Crowell, [7] who used a retarding
field method in ultrahigh vacuum but failed to clean their surfaces except

by heating in vacuo. Their value for Cu(111), relevant to thick layers
measured in this work, is -3.4 x 10'4 eV/K; for Cu(100) they obtained an

even higher value, -13.8 x 10-4 eV/K. Even their Cu(111) value is a factor
of 6.8 higher than ours for 6 Cu layers on W(110). It seems very probable
that this high value resulted from surface contamination, since it is now
known that Cu cannot be cleaned by heating only. This is also suggested by
the fact that Shelton [8] found much higher temperature coefficients of work
function on a dirty than on a clean Ta(211) crystal.

The present results and those of KB are in close agreement where
overlap occurs and we can therefore assume that they represent
the behavior of Cu layers on W(110). Two facts stand out: d¢/dT is
negative for all coverages, including zero, and -d¢/dT has a strong maximum
at one monolayer. The decreases in ¢ with T for the clean surface has been
explained by numerous workers on thermodynamic grounds: At the melting point
¢ must be equal for all planes so that ¢ must decrease with T for high work func-
tion planes like (110) [5]. similarly, for very thick Cu layers which simulate
Cu(111) i.e. a closepacked Cu plane, ¢ is also higher than on atomically rough
planes and must decrease with T.

The increase in -d¢/dT for 0 € 6 < 1 follows immediately if (dP/dT)w <
(dP/dT)Cu where P is the dipole moment per surface atom of W or Cu respectively.
If, in the temperature range of our experiments, Cu is either all in the form of
non-interacting atoms or all in the form of islands, or if dP/dT is independent

of the state of aggregation, we can write

(40/dT) y; = (1-8) (d0/dT),, + O(do/dT) . ()

where 0 is fractional Cu coverage, and (d¢/dT)w the temperature coefficient of
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work function for a clean W surface and (d¢)/dT)Cu that for a surface covered
with a monolayer of Cu. Thus 9(d¢/dT)Cu, the change resulting from Cu adsorp-
tion, should be linear in 6. Figure 5 shows this to be the case, within
experimental error. The d¢/dT data of KB at very high

temperature where Cu forms a 2-dimensional gas give much higher values than
those obtained at the temperature of the present experiments and it therefore
seems probable that we are dealing mostly with Cu islands.

A maximum in -d¢/dT must follow if -d¢/dT for thick layers is less than
for a monolayer (which is the case) but this does not explain whv the maximum
occurs at 8 = 1 or why -(dcb/dT}Cu bulk < -(d¢/dT)e -1 We consider first
the behavior at & < 1. As just pointed out dP/dT is essentially coastant in
this regime so that we need only consider results at 6 = 1. The first possi-
bility for explaining a negative value of d¢/dT is simply scme roughening of
the layer by heating. It has been known since the work of Smoluchowski in
1941 [9] that ¢ decreases with surface roughness because of electron spill-
over which makes exposed metal atoms more positive, thus providing a surface
dipole with positive end outward. Since we are probably dealing with islands
at all 6 < 1 this effect could occur even at low 8. It is conceivable that
the effect could be much larger for a monolayer of Cu on W(110) than for
(essentially) bulk Cu(1l1l) since the epitaxial Cu monolayer is more loosely
packed than the closepacked Cu(111) surface.

At least formally we can also consider the problem in terms of the

average of dP/dT. We have at 6 =1
A = 41mPc (2)

where ¢ = 1.4 x 1015 is the number of Cu atoms/cm2 and P the dipole moment

per ad-atom.

Thus
d¢ _ dAd _ 1/0
(a%)6=1 =37 41 300 c(dP/dT) eV/ K (3

LY Lt Rar N 5

4,4
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where
P =gq.x (4)
is the dipole moment per Cu atom and q is charge in e.s.u. and x dipole

length in cm, and
dpP/dT

d(q.0 /a1 = $ [a + x(da/dx) ]
(5)

a[Po+x§%]

where a = (dx/dT) /x, the linear expansion coefficient, and subscripts refer to

equilibrium values. Combining Eq. (4) with Eq. (1) we can also write

SR CORER: (6)

For 1 monolayer A¢ =-0.7 eV. The expansion coefficient of a monolayer of

Cu on W(110) is not known but is unlikely to be an order of magnitude greater
than that of bulk Cu, in particular since the W-Cu bond is stronger than the
Cu-Cu in bulk copper, as indicated by Bauer's thermal desorption work [10].
Thus a safe upper limit would be the bulk Cu value Aoy = 1.7 x 10_5 K‘l.

On this basis the first term in Eq. (5) contributes negligibly to dA¢/dT, and
the observed value results from xg(dq/dx). Ifx &2 A dq/dx 2 0.1 e/A, where
e is the positron charge (i.e. positive charge in units of electron charge).
This value is quite high, but even more interesting is the fact that the
charge deficiency on Cu increases with distance from the W surface. If Cu
were removed to infinity, i.e. beyond the range of the chemisorption inter-
action the charge deficiency would have to vanish, since the ground state is
° + Cu®. This follows from the fact that 1. = 7.7 eV while ¢ for the

solid Cu
Cu covered surface is 5.3-0.7 = 4.6 eV so that I - ¢ = 3.1 eV meaning that

W
+ o o . .

formation of w olid * Cu from wsolid + Cu” is endoenergetic by 3.1 eV

when Cu is far from the surface.

As already noted the sign of dq/dx can be explained in terms of surface

roughening. It is also possible, in a crude way, to rationalize the effect




in terms of the Newns-Anderson model of chemisorption [11] which concerns

itself with single ad-atoms and ignores, at least in its simpler versions,
adsorbate-adsorbate interactions. For an adsorbate like Cu whose bonding
level, i.e. 4s lies at 7.7 eV below vacuum i.e. in the filled portion of
the W conduction band the picture depicted in Fig. 6 gives a qualitative
explanation of the electron population on Cu. At large distance the
adsorbate level is discrete and at 7.7 eV below vacuum. As x decreases the
level is shifted upward by an image potential and also broadened by inter-
action with the substrate. In the simplest case the resulting local
density of states would be Lorentzian with a half width 1/A, and would be
shifted downward in energy by A, A being the Hilbert transform of A[11].
In general both A and A are functions of energy. The electron deficiency
on the Cu atom is then described by the portion of the LDOS above the Fermi
level. As x increases from the equilibrium bond distance several things will
happen: (1) the resonance is shifted downward in energy as the image potential
decreases; (2) It narrows as the hopping integral which enters into A decreases;
(3) it shifts upward as A decreases. The first two effects increase the
electron population on Cu, the third decreases it. It should also be noted
that the energy dependence of A and A makes it likely that the shape of the
resonance changes in such a way as to contract it more at lower than at higher
energies as x increases. This would also give the unfilled portion greater
relative weight, i.e. increase the positive charge onCu as x increases slightly
from its equilibrium value. It is therefore possible that over a small range
of x dq/dx is positive as observed. As already pointed out eventually its
sign must reverse as the resonance shrinks back to a discrete level below EF'

It should be pointed out that the two rationalizations given here are
not inherently different but simply stress different aspects of the actual situa-
tion, 1If either model were pursued self-consistently, taking account of lateral

interactions in the Newns-Anderson case, they should give the same results.
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Why is dP/dT much smaller for © > 1? The answer is probably easier to
see in terms of the Newns-Anderson model, on the basis of the rather different
hopping integrals involved, which change A and A. For 2 layers the effect of
underlying W is still felt and now apparently leads to a much smaller dq/dx. As
the layer thickness increases the bulk Cu(111l) value is reached essentially at n=3.

It need not be stressed that the above cannot take the place of real
calculations and is only an attempt to justify the observations by very
qualitative arguments. However, these describe an interesting physical

situation,
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FIGURE CAPTIONS

1) 1) Schematic diagram of Kelvin probe assembly. For simplicity of presen-
tation the press seal carrying the signal take off lead has been drawn
as if vertically above the stainless steel tube. In order to bring the

assembly through a narrow port the take off lead is in fact to one side

"Ll R R feas B S

of the main tube.

2) A¢p relative to clean W(110) vs. dosing time., All depositions were
carried out with the crystal at 300 K and measurements were made at
i{ 90 K. (O) unannealed. (o) annealed at 850 K. Solid circles and squares

are annealed and unannealed results from Ref. 1.

3) A¢ relative to the 90 K values as function of temperature for different
layer thicknesses, marked in units of monolayers, n, on the figure. The

curves have been displaced from each other by 10 meV for ease of viewing.

, 4) -d¢/dT vs. layer thickness. (0) values near 90 K; (X) values near 500 K

(A) values near 400 K from Ref. 1.

5) 6(dq>/dT)Cu vs. relative coverage 6 for 0 < 6 < 1, -(d¢/dT)Cu refers here

! to the change due to Cu when 6 = 1,

« 6) Schematic diagram illustrating a possible mechanism for explaining
positive dq/dx for an adsorbate like Cu. M metal, A adsorbate. EF Fermi
level. The sharp adsorbate level € broadens into a resonance of width

: 28, which is filled to Eps the empty portion corresponding to the electron

deficiency on A. The center on the resonance is roughly given by €, *

e2/4x. A is shown at the

n

N A - v. where A is a negative quantity and V,
im im

equilibrium distance, at large x, and at an intermediate distance where x

' dependences of A, A and Vim result in a slight increase in the empty portion

'y of the resonance. Distances are not dxwan to scale.
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